Engineering natural photosynthesis to address predicted shortfalls in food and energy supply requires a detailed understanding of its molecular basis and the intrinsic photoprotective mechanisms that operate under fluctuating environmental conditions. Long-lived triplet or singlet excited electronic states have the potential to cause photodamage, particularly in the presence of oxygen, and so a variety of mechanisms exist to prevent formation of such states or safely dissipate their energy. Here, we report a dramatic difference in spectral evolution in fully reduced and partially oxidized Rhodobacter sphaeroides reaction centres (RCs) following excitation of the monomeric bacteriochlorophyll (BChl) cofactors at 805 nm. Three types of preparation were studied, including RCs purified as protein/lipid nanodiscs using the copolymer styrene maleic acid. In fully reduced RCs such excitation produces membrane-spanning charge separation. In preparations of partially oxidized RCs the spectroscopic signature of this charge separation is replaced by that of an energy dissipation process, including in the majority sub-population of reduced RCs. This process, which appears to take place on both cofactor branches, involves formation of a BChl þ / bacteriopheophytin 2 radical pair that dissipates energy via recombination to a vibrationally hot ground state. The possible physiological role of this dissipative process under mildly oxidizing conditions is considered. This article is part of the themed issue 'Enhancing photosynthesis in crop plants: targets for improvement'.
Introduction
Concerns over meeting mankind's projected increased demands for food and sustainable energy resulting from growth of the global population and increased levels of development are fuelling research into strategies for enhancing natural photosynthesis and developing novel ways of harvesting solar energy [1] [2] [3] . Although it provides the principal means of powering the biosphere, natural photosynthesis is a relatively inefficient process in which only a few per cent of the energy of absorbed photons is converted into biomass [4 -6] . There is therefore optimism that the energy efficiency of natural photosynthesis can be enhanced to produce higher yielding crops [2, 7, 8] .
Concerted application of spectroscopy, structural biology and genetic modification has revealed many of the molecular details of the first steps of the photosynthetic process in which solar energy is harvested and converted into chemical energy [9, 10] . Alongside the evolution of biomolecular structures and mechanisms for this solar energy conversion, a set of protective mechanisms have evolved to prevent damage when flows of energy and electrons through photosystems are not optimal. In principle, these photoprotective mechanisms could directly impact on the mechanism for energy conversion. An example is the idea that free energy of states involved in light-powered electron transfer is tuned not only to promote efficient electron transfer, but also to avoid unwanted sensitization of singlet oxygen [11] .
Reaction centre (RC) pigment-proteins facilitate the key reaction of photosynthesis in which harvested solar energy is used to separate electrical charge across a lipid bilayer membrane [12 -14] . The important steps in this process occupy time regimes from a few picoseconds for light harvesting and primary charge separation through to a few milliseconds for the diffusional processes that remove electrons from the RC and deliver replacements. As conditions that slow quenching of singlet excited state energy by RCs can lead to formation of long-lived (bacterio)chlorophyll triplet excited states, sensitization of singlet oxygen and photodamage, a variety of mechanisms have evolved for photoprotection through dissipation of excess or long-lived excited states [15 -17] .
Much of our understanding of fundamental aspects of biological solar energy conversion and photoprotection has come from studies of the RC from Rhodobacter (Rba.) sphaeroides [12- 14, 18, 19] . As outlined in the electronic supplementary material, figures S1 and S2, picosecond time scale charge separation in this protein occurs between a pair of bacteriochlorophyll (BChl) a molecules in their singlet excited state (P*) and a quinone (Q A ) via a monomeric BChl (B A ) and a bacteriopheophytin a (BPhe-H A ). After completion of the reaction scheme
þ is re-reduced by a molecule of cytochrome (cyt) c 2 (electronic supplementary material, figure  S1 ) on a timescale of microseconds to milliseconds [20] . As approximately 200 ps charge separation to form P þ Q À A is much more rapid than reduction of P þ by cyt c 2 , P is expected to spend significant periods in the photo-oxidized state. Such RCs are described as being 'closed' and, in principle, this circumstance could result in the formation of triplet excited states and photodamage. However, a remarkable feature of purple bacterial photosystems is that closed RCs accept energy from the LH1 antenna with a lifetime of around 200 ps, only fourfold slower than in the case for 'open' RCs with P reduced [21, 22] . This implies a mechanism whereby P þ can accept energy from other pigments. Insights into the possible mechanism of energy quenching by P þ have largely come from experiments in which B or H is excited. It has been observed that directly formed B* (a mixture of B Ã A and B Ã B ) has a lifetime of 100 -250 fs, irrespective of whether P is reduced or oxidized [23] [24] [25] [26] [27] [28] [29] . A variety of mechanisms for energy or electron transfer from B* to P þ have been suggested (see §3), but quenching of excited state energy by closed RCs is not fully understood. The initial aim of this work was to compare the process of charge separation in a novel RC -polymer preparation with that in RCs in native membranes or detergent micelles. The polymer, styrene maleic acid (SMA), solubilizes RCs from the native membrane along with approximately 150 lipids as a polymer/lipid/protein nanodisc [30] . On investigating 'as-prepared' RC-SMA nanodiscs and native membranes, which displayed partial oxidation of P (electronic supplementary material, figure S3b), a remarkable change in ultrafast spectral response was obtained following excitation of B A / B B at 805 nm. We conclude that a mechanism operates in open RCs exposed to a moderately oxidizing ambient potential that dissipates energy entering the RC through either B or connected pigments. Our findings provide new insights into how RCs are protected against fluctuating environmental conditions and assign a new photoprotective role to the BChl and, in particular, the specialist H cofactor that make up the so-called 'inactive branch' of RC cofactors. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160378
Results
(figure 1b, 805 nm traces), in line with published values [29] . Previous work from our laboratories [31 -33] has established that this decay is due to parallel B* ! P energy transfer, B 
A conversion. The conclusion from this analysis was that, as determined previously for membrane-bound RCs [34] , initial charge separation in SMA-purified RCs was somewhat slower than in RCs in detergent solution.
(b) Charge separation in partially oxidized reaction centres following excitation of P or B
During purification, the exposure of membranes and RCs to buffers containing dissolved oxygen can result in partial oxidation of P, producing a partial bleaching of the 865 nm band (electronic supplementary material, figure S3b). The extent of oxidization
, where 1 is P/P þ redox potential of the as-prepared RC and 1 0 is the respective mid-point redox potential. 1 and 1 0 are obtained from electrochemistry measurements, by fitting the dependence of P/B absorption band ratio on applied electric potential [30] . Values of 1 0 for the SMA-purified (443 mV) and membrane-embedded (449 mV) RCs are lower than for DDM-purified RCs (465 mV). Yet the membrane-embedded (1¼435 mV, Ø ox ¼ 0.39) and SMA-purified (406 mV, 0.19) RCs are more sensitive to the ambient oxygen, and more P molecules are oxidized than in the DDM-purified RC (375 mV, 0.03). The three 'as prepared' RC samples as a result constitute a system suitable for quantitatively investigating the effect of redox state of P on the charge separation and transfer dynamics. In transient absorbance spectra of 'as prepared' RCs excited at 870 nm (electronic supplementary material, figure  S6 ), P* decayed with time constants of 4.0 ps (DDM), 7.1 ps (SMA) and 12.7 ps (MEM)-see kinetic traces at 915 nm in figure 2 (circles). Hence partial oxidation of P was associated with a marked slowing of P* decay. Using the extent of H-band GSB between 100 and 1000 ps as a guide, it was also apparent that less H À A was formed when P was partially oxidized (compare the red and black 755 nm traces in figure 2 ). Origins of these effects are considered in §3.
For 'as-prepared' DDM-purified RCs, which displayed very little P oxidation, the measured spectral evolution after 805 nm excitation (figure 3a) was similar to that obtained with ascorbate-reduced DDM RCs (electronic supplementary material, figure S5a), with lifetimes of 220 fs for B* and 4.1 ps for P*. However, absorbance difference spectra recorded for the 'as-prepared' membrane-embedded (figure 3b) and SMA-purified (electronic supplementary material, figure S7) RCs showed dramatic changes compared to the equivalent spectrum for ascorbate-reduced RCs (electronic supplementary material, figure S5b,c) and both types of DDM RC (figure 3a and electronic supplementary material, figure S5a). The most obvious of these was a near complete loss of P-band GSB, implying a very strong reduction in the yield of P* and/or P þ (figure 3a,b).
For 'as-prepared' membrane-embedded RCs, 805 nm excitation produced an immediate B-band GSB and BChl ESA below 760 nm (figure 3b, 0.1 ps trace). Unusually weak P-band GSB and P* SE, attributable to some B* ! P energy The 880 nm kinetic trace (figure 4, blue) had two components of 220 fs (2) and 4.5 ps (þ). The development of the negative signal, reflecting fast B* ! P energy transfer, was expected to have an equivalent time constant to the lifetime of B* (200 fs). However, it reached a maximum at 130 fs due to mixing with the growth of A1 absorbance. The early kinetics were dominated by a 220 fs decay of P-band GSB, and as this ultrafast decay of the spectroscopic signature of P* was not observed in reduced RCs and it was not seen when P was excited directly, it was most probably associated formed directly following photoexcitation rather than through the process P*
The synchronous nature of the decays of B-band and H-band GSB indicated that A1 and A2 are states that contain contributions from both B and H.
'As-prepared' SMA-purified RCs exhibited a similar spectral evolution with similar time constants (see the electronic supplementary material, figure S7 ), although the spectral shapes were a little different. In particular, this applied to the negative signal corresponding to P*, the shape of the A1 absorbance and the negative signal in the B band region before 1 ps. This is likely due to the presence of more reduced RCs in the sample of SMA-purified RCs (0.81) than in that of membrane-embedded RCs (0.61), and slight differences in the electronic structures of the excited states in different environments. In the 880 nm kinetic trace for SMA RCs (electronic supplementary material, figure S8 ), the ratio of the amplitude of the long-lived GSB to the maximal negative DA was 0.064, four times larger than the value of 0.016 obtained for membrane-embedded RCs, implying a somewhat greater formation of P þ Q À A . The characteristic time constants for the SMA RCs were 240 fs, 4.2 ps and 9.7 ps, corresponding to the lifetimes of B*, A1 and A2, respectively.
Absorbance signals of both A1 and A2 were linearly dependent on the excitation intensity (electronic supplementary material, figure S9 ) and were not dependent on the sample concentration over an OD 805 range from 0.2 to 1.2 with an excitation intensity of 100 nJ pulse 21 . The timeevolution of the A1 and A2 states was therefore not influenced by any nonlinear processes. In addition, absorbance spectra recorded before and after data acquisition showed that there was no change in the overall redox state of the 'as prepared' SMA and MEM RCs during measurements. It was also possible to rule out that the A1 and A2 states arose as a result of photo-accumulation of a state such as P þ Q 2 during the ultrafast measurements, and such a state would also be expected to be formed in the 'as-prepared' DDM RCs. figure S10 ). It shows that u decreases to e 21 when Ø ox is 0.12.
Discussion (a) SMA/lipid nanodiscs preserve a membrane environment for charge separation
Previous work has shown that the kinetics of charge separation are subtly sensitive to the environment of the Rba. sphaeroides RC [34] , the lifetime of P* being longer for membrane-embedded RCs (4.5 ps) than for RCs purified using the detergent lauryldimethylamine oxide (3.3 ps). The P* lifetime of 4.2 ps determined above for RCs in SMA/lipid nanodiscs was similar to the 4.2-4.3 ps for RCs in native membranes and slower than the 3.9 ps obtained for DDM RCs, reinforcing a recent conclusion that these nanodiscs preserve a membrane-like environment for the RC [30] . In addition, these nanodiscs present some distinct experimental advantages over native membranes as the RC protein can be prepared in a pure and highly concentrated form, with the same scattering and viscosity characteristics as RCs in detergent solution. During RC purification, it is not unusual to observe a partial oxidation of P. To our surprise, 'as prepared' membraneembedded and SMA-purified RCs showed a substantial loss of P*-driven charge separation after excitation at 805 nm, in contrast to 'as-prepared' DDM RCs and all samples with added ascorbate. Instead of obtaining strong negative signals between 830 and 930 nm characteristic of formation of P* and P þ in the major P-reduced sub-population, positive signals developed within 1 ps, indicating fast dissipation of the energy of B* through a route involving the two states we label A1 and A2.
(b) Evolution associated difference spectra (EADS) to identify the A1 and A2 states EADS of the states formed after 805 nm excitation of 'as prepared' SMA and MEM RCs obtained by global analysis are shown in figure 5 . The EADS with a 150 fs lifetime is attributable to B*, and that with a 220 fs lifetime to a complex mix of GSB and ESA of the B-band, a contribution of A1 (splitting of the negative band at 815 nm) and some P-band GSB with P* SE. The next EADS, attributable to A1 (figure 5, red-lifetime 4.5 ps), had a broad absorbance at 880 nm and GSB in both B-and H-bands. As absorbance difference spectra of both DBChl þ a (i.e. BChl þ a2BChl a) and DBPhe 2 a (i.e. BPhe 2 a-BPhe a) have a maximal absorbance at approximately 880 nm [35] , the simplest attribution of A1 is a B þ H 2 CT state that develops from B* with a lifetime of 200 fs and decays to A2 with a lifetime of 4.5 ps. The EADS of state A2 was characterized by derivativeshaped features in both the B and H spectral regions (figure 5, blue-lifetime 10 ps). A derivative line shape is typical of the difference spectrum of a hot ground state, and the 10 ps lifetime is in the range of a few picoseconds to several tens of picoseconds that is typical of the cooling time of a hot ground state [36] . We therefore attribute A2 to a hot ground state, (BH) hot , that is formed by charge B states in fully oxidized RCs, but the participation of H in the process leading to this was not suggested [37] . Instead, it was proposed that the reaction sequence
occurs in oxidized RCs, where P 0 is an unrelaxed P neutral state formed by electron transfer from B Ã B to P þ . This process was suggested to take place alongside energy transfer to P þ from either B Ã A or B Ã B to form P þ *, although no spectroscopic evidence for formation or decay of such an excited state cation was obtained [37] . This proposed P þ B hot B state had a similar derivative spectral shape and decay time constant to A2. However, in the present data we find that GSB of both H and B recovers with the decay of A2 and there is no signal corresponding to P þ , indicating that both H and B are involved in the A2 state but P þ is not. In other studies, it has also been suggested that the reaction sequences
account for rapid quenching of B* by P þ [27] , and possible P þ transitions that could facilitate energy transfer from B* have been explored [38] . Although, for this work, any of these processes could account for B* quenching in the subpopulation of SMA or MEM RCs in which P is oxidized, they cannot account for B* quenching in the majority fraction where P is reduced, as such energy transfer from B* would simply form P*. The lack of a strong GSB of P shows that this process does not happen. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160378
Furthermore, 10 ps is also in the lifetime range of triplet CT states [42] . As a result, unambiguous assignment of A2 still needs further work.
(c) Photochemical charge separation is dramatically altered under oxidizing conditions
As far as we are aware, the finding that partial oxidation of P leads to a drastically reduced yield of the process P
when the initial excited state formed is B* has not been reported previously, nor has the finding that partial oxidation of P produces a slowing of P Ã ! P þ H À A in the remaining reduced RCs following direct excitation of P at 870 nm (figure 2). The likely reason is that ultrafast processes are easier to study in a uniform sample and partial P oxidation can easily be corrected with mild reductants. Previous studies of dynamics in oxidized RCs have employed high concentrations (5-500 mM) of potassium ferricyanide to oxidize P [25] [26] [27] [28] [29] or used a high excitation rate to photo-accumulate P þ [37] , whereas studies of excitation trapping in closed RC-LH1 complexes have used a high excitation intensity and/or background illumination to photo-accumulate P þ [21, 22] .
The slowed P*-driven charge separation in partially oxidized RCs is induced by a moving of the P* ! P þ transition equilibration away from P þ , which is the result of
. In other words, the overall P* ! P þ activation energy of the sample (DG) increases. The effect of partial oxidation is therefore similar to that of mutations that raise the P/P þ potential, such as the heavily studied P hydrogen bond mutations [43, 44] , that make P harder to oxidize and slow charge separation by increasing the activation energy for the reaction. As a result of the movement of P* ! P þ equilibration, the spectral evolution of partially oxidized sample following B* was dominated by the A1 state, which we attribute to The reason why, in the major fraction of P-reduced SMA and MEM RCs, direct formation of B* does not simply result in energy transfer to P (Mechanism 3 in scheme 1) is also the result of the movement of equilibration. Previous studies of B* decay in fully reduced RCs [31] [32] [33] 45] have revealed two P*-independent two-step routes for charge separation that connect B* to
(Mechanisms 4 and 6, respectively, in scheme 1). They also appear in the fully reduced DDM, SMA and membrane RC samples (the proof can be seen in the electronic supplementary material, figures S3 and S4, where appearance of the H GSB is much earlier when B is excited than when P is excited). These two processes take place on a similar time scale to B* ! P energy transfer (Mechanism 5), and the evolution of the system after B band excitation therefore depends on the precise rates of the three parallel processes under the particular experimental conditions (see legend to the electronic supplementary material, figure S2).
[
determines the equilibration of the whole system, and thus tunes the branching ratios of the three parallel processes. Given this, a simple explanation could be that the routes of B* decay via states requiring P/P þ and P*/P þ redox changes are less favourable than is the case in fully reduced RCs, and so the only unaffected initial process, B (e) Physiological relevance Rba. sphaeroides is a metabolically diverse photosynthetic organism that is able to grow in the dark through a variety of forms of anaerobic and aerobic respiration. To achieve photosynthetic growth, the organism interfaces its light harvesting proteins and RCs with additional components, ubiquinone, cyt c 2 and the cyt bc 1 complex, which also participate in aerobic respiratory electron transfer. Such component sharing between electron transfer chains presents challenges, and, for example, it has been shown that photosynthetic electron transfer is blocked in the presence of overly-reducing carbon sources, but can be reactivated through the addition of oxygen or alternative electron acceptors to restore a suitable redox poise to the intramembrane ubiquinone pool [46, 47] . As Rba. sphaeroides is found in a variety of soil and freshwater habitats that are likely to experience fluctuations in electron donors and acceptors, including oxygen, efficient and non-destructive operation of its photosynthetic electron transfer chain has to be able to tolerate conditions where RCs are closed through over-reduction at the acceptor (ubiquinone/ubiquinol) interface or over-oxidation at the donor (P/cyt c 2 ) interface.
In this report, we describe a new mechanism that serves to dissipate energy in RCs in which P is reduced, but ambient conditions are sufficiently oxidizing that other RCs in the population are closed through formation of P þ . We speculate that this mechanism is activated as the mean free energies of states involving P þ rise in still-open RCs due to partial closure of the RC population under oxidizing ambient conditions. In RCs where P is excited directly the decay of P* is slowed, and in RCs where B is directly excited P* formation is lost and instead ultrafast formation of a B þ H 2 radical pair dissipates energy through a two-step recombination to the ground state. Such a mechanism could contribute to the disfavouring of triplet state formation under conditions where the balance of the cyclic photosynthetic electron transfer chain is disturbed due to overly-oxidizing conditions. This photoprotective mechanism has not been reported previously and provides a reason for retention of a specialized BPhe in the so-called inactive cofactor branch.
Data accessibility. Details regarding sample preparation, femtosecond transient absorption spectroscopy and global analysis are presented in the electronic supplementary material.
